Despite recent interest in organic electrochemical transistors (OECTs), sparked by their straightforward fabrication and high performance, the fundamental mechanism behind their operation remains largely unexplored. OECTs use an electrolyte in direct contact with a polymer channel as part of their device structure. Hence, they offer facile integration with biological milieux and are currently used as amplifying transducers for bioelectronics. Ion exchange between electrolyte and channel is believed to take place in OECTs, although the extent of this process and its impact on device characteristics are still unknown. We show that the uptake of ions from an electrolyte into a film of poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) leads to a purely volumetric capacitance of 39 F/cm 3 . This results in a dependence of the transconductance on channel thickness, a new degree of freedom that we exploit to demonstrate high-quality recordings of human brain rhythms. Our results bring to the forefront a transistor class in which performance can be tuned independently of device footprint and provide guidelines for the design of materials that will lead to state-of-the-art transistor performance.
INTRODUCTION
Organic electrochemical transistors (OECTs) are the focus of intense development for applications in bioelectronics (1, 2) . Most of these devices use a conducting polymer film as their channel and are gated through an aqueous electrolyte, thereby offering intimate interfacing between solid-state electronics and biological milieux (3) . Advantages such as straightforward fabrication, compatibility with low-cost printing techniques (including screen and inkjet printing) (4, 5) , compatibility with a wide range of substrates [including fibers (6) and paper (7) ], and stability in aqueous environments have motivated their use in a variety of biosensing applications (8) . OECTs have been used to detect ions (9, 10) , metabolites (11, 12) , hormones (13) , DNA (14) , and pathogenic organisms (15) ; probe cell adhesion (16) ; measure the integrity of barrier tissue (17) ; and interface with electrically active cells and tissues (18) (19) (20) . Recent work highlighted the fact that OECTs show the largest transconductance among electrolyte-gated transistors (21) . The transconductance is defined as g m = ∂I D /∂V G , where I D is the drain current and V G is the gate voltage, and, for bio-interfacing, quantifies the "efficiency" of transduction of a biological event (22) . At the same time, it was shown that through microfabrication, OECTs can achieve a response time, t, well below a millisecond, sufficient for most biosensing applications (23) . Therefore, OECTs make powerful amplifying transducers, a fact demonstrated in applications including recordings of brain activity in rats (24) and electrochemical detection of neurotransmitters (25) .
The operation of the OECT is distinctly different than that of the more traditional field-effect transistor (FET). The electrostatic coupling of the gate to the channel in a FET is described by the capacitance per unit area, C i , of the gate dielectric. C i is inversely proportional to the thickness of the gate dielectric and hence can be maximized by using an electrolyte to gate the channel, in which case the double layer created by ion accumulation at the surface of the channel leads to values around 5 mF/cm 2 (26) . However, in OECTs, ionic charge is presumed to penetrate within the channel, a notion supported by the strong color change associated with switching an OECT between the ON and OFF states (27) . Therefore, capacitance per unit area is an insufficient parameter for describing OECT operation. The lack of a proper description hinders our ability to optimize OECTs for biological applications, which is especially true given the broad range of requirements imposed by the different signals of interest.
RESULTS
We measured the electrochemical impedance of channels with width, W, and length, L, varying from 5 to 250 mm and channel thickness, d, from 20 nm to >1 mm ( fig. S1A ) and fit the spectra with an equivalent circuit consisting of a capacitor, C, describing the effective capacitance of the channel in parallel with a resistor, R p , and in series with a resistor, R s . This was the simplest circuit that could fit the entire data set. As shown in Fig. 1A and fig. S2 , capacitance scales with the volume of the PEDOT:PSS [poly (3,4-ethylenedioxythiophene) doped with polystyrene sulfonate] film over a range of almost four orders of magnitude. This result implies that the ionic charge injected from the electrolyte is uniformly distributed within the PEDOT:PSS film (in the absence of a source-drain voltage), down to 10 mm . This agrees with our understanding of the structure of PEDOT:PSS, which is believed to consist of PEDOT:PSS-rich regions of the order of tens of nanometers surrounded by a PSS-rich phase (28) (29) (30) . The line in Fig. 1A is a fit to a linear function with a zero offset, yielding a capacitance per unit . This value can be put in perspective by calculating that a 130-nm-thick PEDOT:PSS film has an equivalent capacitance per unit area of 500 mF/cm 2 , which is 100 times larger than the double-layer capacitance. The dependence of capacitance on volume constitutes direct evidence for ion penetration in the channel of OECTs, whereas the zero offset signifies the absence of any ion accumulation at the surface, indicating a negligible ion injection barrier from the electrolyte into the conducting polymer film. This suggests that C* as opposed to C i is the appropriate parameter to describe the physics of these devices. Indeed, the value of C* can be used to predict the ionic charge that is injected in the channel of an OECT. Figure 1B shows gate current transients from an OECT for different values of gate bias. The ionic charge injected in the channel was calculated from the area under these curves and is shown in the inset of Fig. 1B . The line is a fit corresponding to a capacitance per unit volume of 41.7 F/cm 3 , a value that is within 7% of the one measured with impedance spectroscopy.
The volumetric response of capacitance leads to a particular dependence of the transconductance on device geometry. We measured the transconductance both at its peak for a fixed drain voltage and at saturation for a fixed gate voltage (see fig. S3B ). The best correlation was found when the data were plotted against W•d/L, as shown in Fig. 2A . This was found to hold both for the peak transconductance (open circles) and for the transconductance at saturation (solid circles). The line in Fig. 2A is a fit to a linear function, indicating that the transconductance at saturation is proportional to W•d/L. This trend can be understood by introducing the notion of volumetric capacitance in a model describing transistor operation. Indeed, as shown in the Supplementary Materials, the transconductance in the saturation regime is given by:
where m is the hole mobility in the PEDOT:PSS channel and V T is a geometry-independent threshold voltage. This equation explicitly shows the scaling of transconductance with W•d/L and confirms the importance of C* as a key parameter for describing OECT operation. It also highlights the difference between an OECT and an FET: the transconductance of the latter is described by substituting d•C* with C i in Eq. 1 and is not dependent on channel thickness.
The volumetric response of capacitance also affects the dependence of response time, t, on device geometry. The response time of an OECT can be determined either by the redistribution of ionic charge in the gate circuit or by the time of flight of holes in the channel (3). We determined t by fitting the drain current transient caused by a voltage pulse at the gate (see fig. S3C ). According to the shape of the transient (3), it is the redistribution of the ionic charge that governs the response time of the OECTs. Indeed, as seen in Fig. 2B , t follows the trend of R s •C, determined by impedance measurements. The difference observed for small devices is due to the fact that the R s •C time was determined for the PEDOT:PSS film, which is a few micrometers longer than L to ensure overlap with the source and drain electrodes. Therefore, the response time is thicknessdependent, because C scales with film volume and R s scales with film area (fig. S1B ). This is different than in FETs, in which C i is independent of channel thickness. It should be noted that the hole mobility, determined by driving the transistors with constant gate current (see fig. S4 ), was found to be 1.9 ± 1.3 cm 2 /V • s, confirming that the time of flight of holes across the channel is faster than the OECT response time.
The dependence of transconductance on channel thickness can be used to tune transistor performance, as demonstrated here for the case of electroencephalography (EEG) recordings. EEG uses electrodes placed on the scalp to measure electric field oscillations that arise from the synchronous activity of neural networks in the brain (31) and is one of the most frequently used techniques for understanding human brain function and dysfunction, including epilepsy (32), Alzheimer's disease (33) , and Parkinson's disease (34) . We recorded EEG on a human volunteer with two OECTs connected as shown in Fig. 3A , using the brain as the supply of gate voltage. The two OECT channels had identical dimensions of W = 50 mm and L = 50 mm but a thickness of 230 and 870 nm, respectively. This resulted in a~2× difference in apparent transconductance (not corrected for resistive loss on interconnects) and allowed for identical electronics, set to the same range, to record the drain current of both the thin and the thick devices, thereby removing from the comparison any extraneous factors related to differences in signal acquisition and treatment. Typical traces from the OECTs with the thick (blue) and thin (red) channels are shown in Fig. 3B . The corresponding spectral analysis shows a peak around 10 Hz, corresponding to typical a rhythms, which are indicative of wakeful relaxation (Fig. 3C) (35) . The two spectra reveal an enhanced signal with richer content below the primary a band for the OECT with the thick channel. There is a 16-dB enhancement in power using the thicker channel, consistent with the hypothesis that the transistor with the higher transconductance (inset) provides better lowfrequency recordings. Oscillatory activity at such low frequencies (1 to 8 Hz) is clinically important because it is a classical marker of lesional tissues (36) .
DISCUSSION
The scaling of transconductance with channel thickness represents a major difference between electrochemical transistors and FETs and can be used henceforth as the identifying characteristic of OECTs. This scaling was found to hold for films with a thickness up to >1 mm. It is conceivable that deviations from this scaling may occur in thicker films due to second-order effects (for example, incomplete film hydration), but we did not explore this regime. As demonstrated for the case of EEG recordings, thickness can be used to tune transconductance, and hence performance, independently of device footprint. This makes OECTs ideal candidates for applications in which channel area is fixed by geometrical constraints, such as recording arrays, where devices must be closely packed, and lab-on-a-chip systems, where space is very tight. In addition to device geometry, Eq. 1 shows that transconductance is determined by the product of hole mobility and capacitance per unit volume (m•C*). Concerning the dependence of hole mobility on the structure of conjugated polymers, it is known that enhanced p-p interactions via crystallite or aggregate formation and better intergrain connectivity improve electronic charge transport (37) . The value of 1.9 ± 1.3 cm 2 /V•s obtained for PEDOT:PSS implies the existence of an efficient pathway for hole transport, consistent with recent measurements in electrochemically gated polythiophene (38) . On the other hand, little is known about the dependence of C* on the structure of conducting polymers. Although volumetric charge storage is important for a variety of applications, including electrolytic capacitors and batteries, interest has focused on gravimetric rather than volumetric capacitance. To the best of our knowledge, there are no previous measurements that explicitly show capacitance scaling with sample volume. A volumetric capacitance of 376 F/cm 3 , an order of magnitude higher than that measured here for PEDOT:PSS, was recently reported in a porous carbon (39) . From literature data for poly(3-hexylthiophene), we estimate values ranging from 3 (40) to 200 F/cm 3 (38) , although one should note that these values come from single samples and might be overestimated because of stray capacitances and ion accumulation at the film/electrolyte interface. This wide range of values implies that film structure plays a major role in determining C*. Moreover, recent measurements in PEDOT:PSS suggest that hydration is important for ion transport (41) . This implies that the ability of a material to take up water and swell is important for a large C*. Therefore, it seems that maximizing m•C* requires a balancing act: dense aggregation and/ or crystallinity for efficient hole transport versus a loose, hierarchical, and open packing for facile ion transport. The combination of two phases in PEDOT:PSS, an aggregating and interconnected phase (PEDOT:PSS-rich) that provides efficient hole transport and an amorphous phase (PSS) that can easily hydrate and transport ions, may be the reason why PEDOT:PSS is the champion material for OECTs. We expect that future work will explore the dependence of m•C* on the chemical nature and structure of organic films, leading to better materials and devices for bioelectronics.
MATERIALS AND METHODS
OECTs were fabricated in a clean room and patterned using photolithography. They consisted of a PEDOT:PSS channel [Clevios PH 1000 from Heraeus Holding GmbH, with 5 volume % ethylene glycol, 0.1 volume % dodecyl benzene sulfonic acid, and 1 wt % of (3-glycidyloxypropyl)trimethoxysilane)] with Au source and drain electrodes and interconnect lines. A parylene C layer was used to insulate the Au interconnects from the electrolyte. Care was taken to ensure that the voltage drop along the interconnects was negligible or was accounted for in the analysis of electrical characteristics by correcting the applied voltage for resistive loss. PEDOT:PSS film area, channel width, and channel length of small devices were measured with optical microscopy; channel thickness was measured with a mechanical profilometer and/or an atomic force microscope; and these measured values were taken into account in data analysis. NaCl (100 mM) in deionized water was used as the electrolyte, and a Ag/AgCl pellet (Warner Instruments) as the gate electrode. Electrical measurements followed previously defined protocols, and the output curves were measured slowly enough to allow steady state to be reached. A three-electrode configuration was used for the impedance spectroscopy measurements (Metrohm), with platinum and Ag/AgCl counter and reference electrodes, respectively. The source and drain electrodes are shorted together, and the channel was used as the working electrode.
All human volunteers provided informed signed consent to participate in the study. Commercially available Ag/AgCl electrodes (Comepa Industries) connected the gate and source of the OECTs to the scalp of the volunteer. The OECTs used a Ag/AgCl gate electrode (Warner Instruments) and a 100 mM NaCl in DI water as the electrolyte. The drain current was measured using a National Instruments PXIe-1062Q system equipped with a PXIe-4145 source measure unit (SMU) that was used to bias the two OECTs and record the drain currents with a sampling rate of 1 kHz. The drain currents were simultaneously recorded using the same range on the two SMUs to ensure an accurate comparison. The EEG recordings were analyzed using custom MATLAB tools (MathWorks). The recordings were digitally filtered using a 0.1-Hz high-pass filter. Spectral analysis was performed using a Gabor wavelet time-frequency analysis, and frequency power was used for device performance comparison.
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